Microbial communities contain unparalleled complexity, making them difficult to describe and compare. Characterizing this complexity will contribute to understanding the ecological processes that drive microbe-host interactions, bioremediation, and biogeochemistry. Moreover, an estimate of species richness will provide an indication of the completeness of a community profile. Such estimates are difficult, however, because community structure rarely fits a well-defined distribution. We present a model based on the word usage in books to illustrate the power of statistical tools in describing microbial communities and suggesting biological hypotheses. The model also generates data to test these methods when there are insufficient data in the literature. For example, by simulating the word distribution in books, we can predict the number of words that must be read to estimate the size of the vocabulary used to write the book. Combined with other models that have been used to make inaccessible problems tractable, our book model offers a unique approach to the complex problem of describing microbial diversity.
INTRODUCTION
Just as the authors of the United States Constitution mandated regular censuses to aid in determining the boundaries of congressional districts and to assess the effects of social policies, microbial ecologists need censuses of the communities they study. Determining the number and comparing the types of bacteria of an environment would greatly aid attempts to assess the effects of environmental perturbations on community composition, diversity, evenness, and richness. Furthermore, an accurate census would estimate the size of the part of the microbial community that is not taken into account by current models of community structure and function. Conducting a census in a microbial community is difficult because of the large population sizes (e.g., up to 10 12 cells per gram of feces), high richness (e.g., more than 5000 species per gram of soil), and the recalcitrance to the culturing of more than 0.1-10% of these organisms.
The resistance of microorganisms to growing in pure culture has been circumvented over the past 20 years through the development of culture-independent techniques (19, 22, 31) , which have shown that the task of characterizing microbial biodiversity is considerably more complex than was previously thought. Microbiologists have relied upon ribosomal RNA (rRNA) genes, because they are found in every cell, from Escherichia coli to Homo sapiens, appear to be less vulnerable to horizontal gene transfer than many other genes, evolve slowly, and contain a sufficient number of base pairs to provide a robust phylogenetic signature. Prior to the use of culture-independent sequencing of 16S rRNA genes, there were 15 known bacterial phyla and now there are well over 50 bacterial phyla, most of which lack any cultured representatives (32, 34) . Although bacterial biodiversity can now be described without culturing, defining a bacterial species based entirely on the sequence of one rRNA gene sequence is problematic (41) and has propelled the adoption of arbitrary definitions of bacterial species, operational taxonomic units (OTUs), which represent a collection of 16S rRNA gene sequences that differ from each other by no more than 3% (21) . Random sequences of 16S rRNA genes provide a snapshot of the members of a microbial community.
A controversy in the 2000 United States Census arose over whether the Constitution called for an exhaustive sampling of the country's population or permitted the use of sample-based techniques. Although a complete census of the United States is theoretically possible, it is currently impractical to survey every cell in a gram of soil, necessitating that we turn to a sample-based census to estimate the number of bacterial species in soil. The practical question becomes "How many bacteria must be sampled to estimate the number of bacterial species?" The purpose of the Decennial Census was to measure and account for demographic changes. By analogy we might ask how we can compare the census of multiple communities to describe changes in community membership and structure. 
FREQUENCY DISTRIBUTIONS OF WORDS AND SPECIES
The seemingly simple question of determining the number of bacterial species in an environment (i.e., species richness) has yet to be answered in a convincing manner in most environments. Depending on how the data are analyzed, DNA-DNA hybridization estimated that 10-30 g of soil contained between 4000 and more than 10,000,000 genome equivalents (14, 29, 30, 38, 39) . These values have been widely cited as a measure of species richness, but the conversion between a genome equivalent and species remains controversial (6, 40) . Other richness estimates between 5000 and 10,000 species per gram of soil have been obtained using parametric models based on the assumption that the incidence of different species follows either a lognormal (13) or uniform distribution (24) and that the rarest species only has one member in the community (13) . However, there are insufficient data from any soil community to conclude that the species distribution follows a lognormal distribution and no evidence to support a uniform distribution ( Table 1) . To avoid these assumptions, estimates have been made with sample-based nonparametric richness estimators (7, 8, 11) . Previous application of the nonparametric estimators to a collection of 16S rRNA gene sequences from a Scottish soil (28) estimated a richness of 590 species. We found, however, that an insufficient number of sequences had been sampled to obtain a reliable estimate using the nonparametric estimators (35) . The inaccuracies introduced into the estimate by the assumptions used to conduct the DNA-DNA hybridization, parametric, and nonparametric analyses indicate that the problem of estimating bacterial species richness in soil needs more attention.
Other ecologically significant questions that present their own statistical challenges include comparisons of diversity (i.e., richness and evenness), membership, and structure of multiple communities without performing an exhaustive sampling of each www.annualreviews.org • The Book Modelenvironment. Three primary problems surround these questions: defining a species or any other taxonomic unit, accessing the bacteria in that sample, and determining how many individuals need to be sampled before a reliable estimate of richness or the species distribution is obtained. We have circumvented the first two problems by assigning sequences to OTUs that are based on the genetic distance between 16S rRNA gene sequences obtained using culture-independent PCR and cloning methods (31, 35) . The solution to the third problem, determining the necessary sampling effort, remains elusive.
SO MANY WORDS, SO MANY SPECIES: HOW MANY IS ENOUGH?
The fundamental problem in microbial ecology, estimating the richness in complex communities that cannot be exhaustively sampled, has been encountered in literature (15) , linguistics (27) , census taking (25), macroecology (9), computer science (11), archaeology (8), transportation (8) , and numerous other fields. In microbial ecology, the problem is unique because of the extreme richness, large number of individuals in a community, and unknown frequency distributions of the members.
To circumvent these methodological problems, we sought a dataset of known composition and structure with which to develop statistical models appropriate to microbial communities. We found a number of such datasets in the words of classic books and generated model microbial communities using word usage distributions from these books. These datasets are analogous to individual populations and communities with a well-known richness, evenness, diversity, and membership. By using words and their frequency in books as a substitute for 16S rRNA gene sequences, the analysis is accessible and can be generalized to other fields. Furthermore, these large datasets of words provide surrogates for complex biological datasets that are beyond our current means to depict fully, and analysis of the surrogate datasets will generate hypotheses and direct the design of future experiments in biological systems.
THE BOOK MODEL
Within the book model, each word in a book represents a 16S rRNA gene sequence. Each distinct word that the author used represents a different OTU (perhaps species) in a sequence collection (the species richness). The frequency of each word in the book represents the frequency of OTUs found in a 16S rRNA gene sequence collection (the frequency distribution). The combined frequency and vocabulary of words used in a book therefore represents community structure and can be used to make comparisons among different books or communities.
We are not the first to propose combining literature and statistics. Efron & Thisted (15) used the Shakespearean canon to estimate the number of words in Shakespeare's vocabulary (i.e., the richness of his vocabulary). When a putative Shakespearean poem was found, they reapplied their model to determine whether the addition of the poem fit their model (37) . When the poem fit their model, they concluded that the poem was an authentic Shakespearean piece on the basis of the richness of the author's vocabulary. The problem with this approach is analogous to those faced in microbial ecology: The true richness of Shakespeare's vocabulary will never be known because an exhaustive census cannot be completed.
Our approach is to view each book as a distinct community with a known richness, evenness, diversity, membership, and structure. With this approach, we can ask questions such as, "How many words must one read to estimate the overlap in word usage?" or "How many words must be read from two books to know how much of the two books' vocabularies are shared?" Because we know the identity and the number of words used in the book, it is possible to validate any decision rule we Table 1) . These books were selected because they varied in length, richness, and literary style. Distributions such as logseries, lognormal (natural or base 10), broken stick, and uniform (25) , which are commonly applied in ecology, did not describe the distribution of word usage in these books (χ 2 goodness of fit test, all p < 0.001), except for the word usage in Goodnight Moon, which fits all these distributions except the uniform distribution (p < 0.001). As the shapes of these distributions differ considerably, we suspect that Goodnight Moon is too short to differentiate among the various distributions.
Instead of using a parametric model to describe the shape of the word usage distribution for these books, we constructed empirical distributions based on the number of times the author used each word. For example, Goodnight Moon contains 151 words distributed among 55 different words. "Goodnight" was used 20 times, "and" 17 times, "a" 10 times, and so forth (Figure 1a) . The author used 28 words only once (i.e., singletons) and 20 words twice in the book (i.e., doubletons) ( Table 1) . To sample the community distribution, we randomly sampled from this distribution so that the probability of sampling the word "goodnight" was 20/151 or 0.132 and each singleton had a probability of 0.007 of being selected. We needed to sample 840 random words in order to achieve 95% confidence of observing all 51 words. Next, we tried using nonparametric richness estimators that make use of the frequency distribution and the number of observed words to estimate the word usage richness for the entire book without an exhaustive sampling of every word in the book. The simplest nonparametric richness estimator, Chao1, predicts the total richness of a community as a function of the observed richness (S obs ), the number of OTUs observed once (n 1 ), and the number of OTUs observed twice (n 2 ):
Using the Chao1 (8), asymptotic coveragebased estimator (ACE) (10), and interpolated Jackknife estimators (7), we needed to sample less than 20 words in order for the 95% confidence interval to include 55; however, further sampling increased the precision of the estimate (Figure 1b-d ). For example, sampling 360 words resulted in a Chao1 95% confidence interval between 50 and 60.
DESCRIBING COMMUNITIES OF MICROORGANISMS
By identifying a set of shape parameters and richness that accounted for the sampling pattern observed in large collections of 16S rRNA gene sequences, we sought to engineer a word distribution that could explain the sampling distribution observed in samples from Alaskan or Minnesotan soil microbial communities (36) . The overall distribution that we selected was a generic truncated lognormal distribution:
where S i is the ith OTU and N i is the relative abundance of individuals in that OTU. The maximum possible value of i is the total number of OTUs in the community, S T . The shape of the distribution is affected by the values of the normal mean (μ) and standard deviation (σ ). Because the most frequently observed species in the Alaskan collections was observed only 23 times, we were unable to obtain meaningful parameters to fit a truncated lognormal distribution to the Alaskan or Minnesotan 16S rRNA gene sequence collections using methods described elsewhere (25) . Instead, we heuristically identified normal mean and standard deviation values for a lognormal distribution that would generate data for the richness estimators and the number of OTUs observed that were comparable to those observed from the Alaskan collection. Although our search was not exhaustive, we determined that a community with a truncated lognormal distribution and a richness of 5000 best explained the data observed so far from the Alaskan collection and that a community with a richness of 2000 could explain the observed data from the Minnesotan collection (Figure 2) . To sample every member of the Alaskan community twice with 95% confidence would require 380,000 16S rRNA gene sequences and to observe 95% of the richness would require 71,000 16S rRNA genes. To obtain an estimate of the true richness using either the ACE or Chao1 estimator from the Alaskan community would require sampling 18,000 or 39,000 16S rRNA genes, respectively, which represents sampling 65 and 85% of the true estimated richness. Considering that the original sample contained Unweighted pair group method with arithmetic mean-based dendrogram of the word usage dissimilarity (1-Jaccard Similarity Index) among seven books.
1033 sequences, a significant amount of effort remains. Although we have predicted the richness of these two communities, our estimates are empirical fits of data based on four parameters, and the community was assumed to follow a lognormal distribution. It remains to be seen how well these simulated books resemble microbial reality.
IS DARWIN DIFFERENT FROM TWAIN?
As with the application of the model of Shakespeare's vocabulary (15, 37) , others have used statistical analysis to identify the author of 12 of the anonymously written Federalist Papers, which both Alexander Hamilton and James Madison claimed to have written, and other apocryphal writings (12, 16, 17, 27, (42) (43) (44) . The basic premise of these analyses is that a piece of writing is a representative sample of an author's vocabulary and writing style. By comparing the vocabulary used in the apocryphal writing to an author's authenticated writings, it is possible to assign a confidence level to whether the apocryphal writing is that author's. Our strategy was to determine the word usage frequency employed in books with known authorship to assess the similarity of their vocabularies. This is analogous to determining the relatedness of two communities on the basis of the frequency of different OTUs in them and assessing the fraction of OTUs that they share.
We compared the vocabulary used in seven books by estimating the fraction of the vocabulary used in one book and shared in each of the other books. To simplify the discussion of our results, we then calculated the Jaccard Similarity Index, which measures the similarity of vocabularies used in two books. A dendrogram, which graphically presents clusters of books that had the most similar vocabularies, shows the three books written by Charles Darwin clustered together and the two books by Mark Twain clustered together (Figure 3) . On the basis of this analysis we can propose interesting experiments: If we found a piece of fiction from Charles Darwin, would the vocabulary be more similar to fiction by Twain or nonfiction by Darwin? What about the reverse? Does the vocabulary used by British authors differ significantly from that used by American authors? Do modern evolutionary biologists use the same vocabulary as the field's pioneer? Is there a minimum vocabulary that every book must have to represent a logical "story"?
This final question is most interesting to us. We observed that between 64 and 80% of the 55 different words used to write the book with the lowest richness, Goodnight Moon, were found in the other six books. Comparing the other six books to each other, we observed that between 18 and 67% of the words were used in any pair of books. Here we can begin to formulate additional hypotheses: Perhaps there are words, such as "a," "the," "and," "to," or "of," that are essential to any piece of writing. Perhaps, also, there are words that perform a functional role in a story and, although they may not be essential to forming a coherent sentence, are essential to talking about evolution (e.g., "selection"), a boy's adventure (e.g., "Huck"), or putting a child to bed (e.g., "goodnight").
ARE THIN MICE DIFFERENT FROM FAT MICE?
By analogy, we could ask, when we compare microbial communities, Are there core types of bacteria found in similar environments and are there accessory types of bacteria that perform specialized roles only in certain environments? We reanalyzed a dataset of 16S rRNA genes sequenced from the gut microbial community of mice that varied in their genotype at a locus that affects body type. The mice were either phenotypically lean and homozygous (+/+), phenotypically lean and heterozygous (ob/+), or obese and homozygous (ob/ob) (23) . Because it is not feasible to sequence every member of these communities, the dataset is necessarily an incomplete census. We employed another set of nonparametric estimators, which estimate the fraction of a community's membership that is shared with another community when there are unobserved populations. These estimators are analogous to the Chao1 richness estimator for a single community. We found that approximately 151 OTUs, or 37% of all of the OTUs in the three communities, were shared among mice of all three genotypes. Interestingly, no OTUs were predicted to be shared between the ob/ob and +/+ communities. This led to the observation that the communities in the ob/ob and ob/+ mice are more similar to each other than either is to the community in the +/+ mice, although the phenotype of the ob/+ mouse is the same as that of the +/+ mouse (Figure 4) .
CONCLUSIONS
All models and analogies have both utility and limitations. Using words as a substitute for DNA sequences made the analysis accessible and generalizable to fields outside of microbial ecology. As we have shown, these models help to develop hypotheses that may at first seem opaque when applied to microbial communities but are simple to understand with books. Other conceptual models have been presented to describe complex issues and to assist in the interpretation of data including the use of chain letters to model genome evolution (2), versions of The Canterbury Tales to model phylogenetic methods (1) , necktie knots to model the outcomes of a random walk (18) , origami to model self-organizing systems (26) , and a currency-tracking website to model intracontinental human transportation (4). Also, taking tools used in the humanities to compare books and languages and applying them to microbiology and applying the tools of microbiology to the data of the humanities generate a considerable amount of synergy. Finally, these large artificial datasets represent a surrogate for biological datasets that are beyond our current means and their analysis will direct the design of future experiments.
It is important to note that rare species may not be detected until the sequencing effort is complete. For example, although we estimated that 37% of the bacterial species estimated to be in the three mouse communities were shared, it is impossible to identify those species unless we sequence every one. In our analysis of the simple book, Goodnight Moon, whose richness resembles that of the simple microbial community in the gypsy moth midgut (5), the entire book must be read to encounter a word that starts with an "e"-the last sentence of the book is "Goodnight noises everywhere." In microbial ecology, is the "last word," or one more bacterial taxon, important? In the Alaskan sequence collection, two sequences belonging to the Sediment-1 candidate phylum (3) were found only after sampling 832 sequences. We suspect that members of many poorly sampled candidate phyla are rare in microbial communities (34) but may play a significant functional role in the microbial community. Sequencing 20,000 or 200,000 16S rRNA genes will probably lead to the discovery of many more new phyla and species.
There are numerous other ways that we could use the book model to describe microbial communities. For instance, our analysis has focused on lexical data (20) , such as the raw number of times different words were used. We could also consider content data, which assigns individual words a function, context, and tone (27) . Instead of measuring the context of words, we might be interested in understanding the organization of a community at the gene, operon, genome, and metagenome levels. A common analogy for the human genome is a collection of 23 volumes that tell the story of each of us (33) . Considering that the number of bacteria that live within and on us exceeds our own human cells by a factor of 10 to 100, perhaps it is time to start thinking about the ways in which the other books on the bookshelf of life affect that 23-volume work.
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